Thrombospondin-1 is a multifunctional protein interacting with several cell surface receptors including integrins. We found that it is a ligand for ␣9␤1 integrin, and has an integrin binding site within its N-terminal domain (NoC1). Interaction of thrombospondin-1 and its recombinant NoC1 domain with ␣9␤1 integrin was confirmed in ELISA and cell adhesion assays. Binding of NoC1 to cells expressing ␣9␤1 integrin activated signaling proteins such as Erk1/2 and paxillin. Blocking of this integrin by monoclonal antibody and the met-leu-asp-disintegrin inhibited dermal human microvascular endothelial cell proliferation and NoC1-induced migration of these cells. Immunohistochemical studies revealed that ␣9␤1 is expressed on microvascular endothelium in several organs including skin, lung, heart and brain. NoC1 induced neovascularization in an experimental quail chorioallantoic membrane system and Matrigel plug formation assay in mice. This proangiogenic activity of NoC1 in vivo was inhibited by ␣9␤1 inhibitors. In summary, our results revealed that ␣9␤1 integrin expressed on microvascular endothelial cells interacts with thrombospondin-1, and this interaction is involved in modulation of angiogenesis.
I ntegrins are a large family of cell surface receptors that are important in forming and physiological functioning of all human organs. These receptors in the active form are heterodimeric complexes pairing 2 ␣ and ␤ subunits. Currently, 18 ␣ and 8 ␤ subunits have been identified and they may be combined in a restricted manner to form at least 24 heterodimers. 1 Despite having structural function, integrins also participate in signal transduction from "outside to inside" and "inside to outside" of the cell. This phenomenon is crucial for cell physiology including cytoskeleton reorganization resulting in shape change, adhesion and migration, regulation of cell proliferation, and the cell survival/death process. 2, 3 The ␣ subunits of integrins may be composed of 1, or 2 polypeptide chains heavy and light, which are linked by disulfide bounds. The ␣9 integrin subunit belongs to the single polypeptide chain family and has been identified as an integrin heterodimer, only in association with the ␤1 subunit. 4 This ␣9␤1 integrin is widely distributed through out the human body and is expressed on many types of cells including epithelial cells, muscle cells, neutrophils, and endothelial cells. 4, 5 The wide distribution of ␣9␤1 integrin could be related to its high cross-reactivity with a variety of endogenous ligands such as VCAM-1, 6 tenascin-C, 7 and osteopontin. 8 Binding of snake venom disintegrins by the MLD motif to this integrin was also described. 6, 9 Most recently, ␣9␤1 integrin was reported to directly bind VEGF-C and VEGF-D confirming its significance in the development of the lymphatic system. 5 Thrombospondin-1 (TSP-1), the most abundant member of the five member thrombospondin gene family, is composed of 3 identical disulfide-linked chains each consisting of 1,152 amino acids composed primarily of domains consisting of repeating homologous amino acid sequences. These distinct domains interact with different cell surface receptors and mediate a variety of cellular processes including cell attachment, migration, proliferation, and differentiation. 10 The various integrins belong to a separate group of TSP-1 receptors. 11 The first discovered and the most characterized is ␣v␤3 integrin that binds to the RGD-containing type 3 repeat of the TSP-1 molecule, 12 whereas the N-terminus of TSP-1, also called NoC1, was shown to bind the 3 ␤1 integrins ␣3␤1, ␣4␤1, and ␣6␤1. 11 Within this domain, ␣3␤1 integrin recognizes the NVR motif, ␣4␤1 integrin binds to the LDVP sequence, and interaction of ␣6␤1 integrin is sensitive to Glu90 mutation.
TSP-1 has been reported as a modulator of angiogenesis. 13 This protein, and some of its fragments, directly inhibit endothelial cell functions such as proliferation and migration, but fragments containing the N-module stimulate the same endothelial cells responses. 14 -16 In some cases treatment of cultured endothelial cells by these compounds induces apoptosis. 17 Integrins expressed on endothelial cells appear to be important components for their interaction with TSP-1 in this process. 15, 16 In light of our finding that ␣9␤1 integrin is highly expressed on the endothelium of microvasculature of variety of tissues, we assume that it may participate in angiogenesis. In this article we present data to clarify the role of this integrin in neovascularization as a receptor for TSP-1. Particularly, the interaction of ␣9␤1 with NoC1 may explain TSP-1's variable ability to induce angiogenesis.
Materials and Methods

Integrin Ligands and Snake Venom Disintegrins
TSP-1 was purified from human blood. 18 The recombinant NoC1 domain (residues 1 to 356) and delNo1 domain (residues 312 to 1170) were prepared as described previously. 19, 20 Snake venom disintegrins VLO5 and VLO4 were purified from Vipera lebetina obtusa venom (Latoxan, Valence, France) using 2 steps of reverse phase HPLC as described previously. 9
Cell Lines
␣9and mock-transfected SW480 cells were provided by Dr D. Sheppard (University of California, San Francisco, Calif). ␣9K562 cells were provided by Dr P. Weinreb (Biogen Inc.) and control K562 cells were purchased from ATCC (Manassas, Va). Primary adult dermal human microvascular endothelial cells (dHMVEC), pulmonary human microvascular endothelial cells (pHMVEC) and cardiac human microvascular endothelial cells (cHMVEC) were purchased from Cambrex. Primary brain human microvascular endothelial cells (bHMVEC) were purified from fetal tissue according to procedure described earlier. 21 Passages of primary endothelial cells between 5 and 8 were used for experiments.
Cell Adhesion Studies
Adhesion studies of cultured cells labeled with 5-chloromethyl fluorescein diacetate (CMFDA) (Invitrogen) were performed as described previously. 9
Angiogenesis In Vivo
The shell less Japanese quail CAM (chorioallantoic membrane) angiogenesis assay was performed according to the procedure described previously. 22 Mouse Matrigel plug assay and immunohistochemistry are described in online data supplement available at http://circres.ahajournals.org.
Results
Interaction of TSP-1 and NoC1 Domain With ␣9␤1 Integrin in an Adhesion Assay
The experiments showing ␣9␤1 integrin-dependent cell adhesion to TSP-1 were performed using 2 cell lines transfected with human ␣9 integrin. ␣9SW480 ( Figure 1A ) and ␣9K562 ( Figure 1B ) cell lines revealed potent, dosedependent adhesive properties to immobilized TSP-1 and to the N-terminal recombinant fragment of this molecule, NoC1. However, ␣9K562 required the addition of 1 mmol/L Mn 2ϩ ( Figure 1B ) to enable adhesion, whereas the use of 1 mmol/L Ca 2ϩ and Mg 2ϩ , as in the case of ␣9SW480 cells, showed no adhesion of ␣9K562 cells to these ligands. Both control cells, which do not express ␣9␤1 integrin, displayed no adhesion to NoC1 domain, although mock-SW480 cells adhered to immobilized TSP-1, but to a significantly lower extent than ␣9SW480 cells. Specific interaction of ␣9␤1 with TSP-1 and NoC1
Immoblized ligand ( g/ml) . Adhesion of both ␣9SW480 and ␣9K562 cell lines was completely blocked by Y9A2 and VLO5, whereas inhibitors of the ␣5␤1 integrin were not active. Interestingly, partial inhibition was observed for adhesion of ␣9SW480 cells to TSP-1 in the presence of Y9A2 and Lia1/2. This may suggest that other than ␤1-integrins are involved in this binding. This is probably ␣v␤3 integrin, which has a binding site in the type three repeats of the TSP-1 molecule, and was detected by us on SW480 cells.
Binding of ␣9␤1 Integrin With TSP-1 and NoC1 in a Solid Phase Assay
␣9␤1 integrin was purified from ␣9SW480 and ␣9K562 cells using VLO5 affinity chromatography. These 2 ␣9␤1 integrin preparations were tested for their interaction with TSP-1 and the recombinant NoC1 domain in an ELISA assay. In this assay, ␣9␤1 integrin was immobilized on a plate and bound TSP-1 or it recombinant fragment NoC1 was detected by an immune reaction with a polyclonal antibody against TSP-1. Binding of TSP-1 and NoC1 was observed for ␣9␤1 isolated either from ␣9SW480 ( - Figure 3 . ␣9␤1 integrin-dependent signaling induced by NoC1. A, ␣9SW480 (lines 2 to 5) or mock-SW480 (line 1) cells were allowed to adhere to immobilized NoC1 (20 g/mL) or BSA (line 2) for 30 minutes in the absence or presence of ␣9␤1 integrin inhibitors, Y9A2 (10 g/mL) or VLO5 (10 g/mL). Cell lysates were obtained and equal amounts of protein were separated under reducing conditions on 10% SDS-PAGE. The proteins from the gel were electro-transferred into PVDF membrane and incubated with primary anti-phospho-Erk1/2 (Thr202/Tyr204) and anti-Erk1/2 polyclonal antibodies. The bands were visualized using chemiluminescent Western detection kit. The numbers above the bands represent value of average pixels, reflecting intensity of bands, digitalized using Un-Scan-It software. B, Paxillin phosphorylation in ␣9SW480 cells induced by NoC1. In the experiment the anti-phospho-paxillin (Tyr31) and anti-paxillin polyclonal antibodies were used.
2A) or from ␣9K562 cells ( Figure 2B ). However, similar to our adhesion studies, purified ␣9␤1 from ␣9K562 cells required stimulation with 1 mmol/L Mn 2ϩ to bind its ligands. Interestingly, adding other integrin activators such as PMA or monoclonal antibody (TS2/16) had no stimulatory effect on of ␣9␤1 interaction with its ligands in ELISA, as well as in the adhesion assay.
Binding of NoC1 Activates ␣9␤1
Integrin-Dependent Pathway of Cell Signaling
Previously published studies revealed that ␣9␤1 integrin is involved in activation of a signaling pathway that includes phosphorylation of MAPK Erk1/2 and paxillin. 5, 23 Figure 3A shows that adhesion of ␣9SW480 cells to immobilized NoC1 increased phosphorylation of Erk1/2 when compared with control mock-SW480 cells. The activation of this MAPK pathway was inhibited by specific blockers of ␣9␤1 integrin such as a monoclonal antibody Y9A2 and the heterodimeric disintegrin VLO5. Phosphorylation of paxillin was also inhibited by Y9A2 and VLO5 ( Figure 3B ).
Effect of Inhibition of ␣9␤1 Integrin on Adhesion to NoC1 and Migration of dHMVEC
dHMVEC express variety of integrins. The adhesion microarray with immobilized monoclonal antibodies ( Figure 4A ) revealed that dHMVEC expressed commonly known integrins for microvascular endothelial cells isolated from other organs such as lung (pHMVEC), heart (cHMVEC), or brain (bHMVEC). The main difference was in the expression of ␣9␤1 that is only present on dHMVEC. Moreover, interac- tion of this integrin with NoC1 was confirmed in cell adhesion competitive experiment (supplemental Figure II in the online data supplement). In this assay only inhibitors of ␣9␤1, Y9A2 and VLO5 blocked adhesion of dHMVEC to this TSP-1 fragment. Immunostaing of paraffin embedded tissues from related organs with an anti-␣9 antibody, showed significant expression of this integrin on blood capillaries endothelium ( Figure 4B ). This suggests that during isolation and culturing of the majority of microvascular endothelial cells ␣9␤1 integrin disappears from their surface, except those isolated from skin. Based on this, we tested the effect of TSP-1 and its NoC1 fragments on proangiogenic activity of dHMVEC including migration and proliferation. The migratory activity of dHMVEC through the membrane containing the immobilized NoC1 domain of TSP-1 was dependent on ␣9␤1 integrin ( Figure 5 ). Addition of ␣9␤1 inhibitors, such as the monoclonal antibody Y9A2 or MLD-disintegrin VLO5, completely abolished migration of dHMVEC, even below random migration. On the other hand, specific inhibitors for ␣5␤1 integrin, also found on endothelial cells, such as monoclonal antibody SAM-1 and disintegrin VLO4, showed no inhibitory effect on migration. The inhibitory activity of these compounds approached the maximal point after 2 hours, although control samples without inhibitors maximal migration levels obtained after 4 hours of incubation.
Effect of Inhibition of ␣9␤1 Integrin on Proliferation of Endothelial Cells
The data presented in Figure 6 show that VLO5 is the most potent inhibitor of proliferation of dHMVEC in a BrdUrd assay comparable to that observed with vincristin used as a positive control. However, in bHMVEC VLO5 blocked proliferation to the much lower extent, although still significant in comparison with the control. TSP-1 as well as Y9A2 monoclonal antibody significantly inhibited proliferation of dHMVEC only under low concentration of FBS (0.1%).
Higher concentrations of FBS protected the cells against TSP-1-induced inhibition of proliferation. Y9A2 also had no significant effect on proliferation of dHMVEC in the presence of 2% FBS and bHMVEC under both concentrations of FBS. The effect of NoC1 was not observed for dHMVEC and bHMVEC.
Involvement of ␣9␤1 Integrin in NoC1 Induced Angiogenesis In Vivo
Recombinant NoC1 domain increased the vascularization ratio in the quail CAM to the same range as growth factors such as VEGF and bFGF (supplemental Figure III) . delNo1 domain, which is complementary to the rest of TSP-1 molecule, as well as TSP-1 isolated from human blood, had no effect on CAM endogenous angiogenesis (supplemental Figure IIId and IIIf). The NoC1-induced angiogenesis was potently inhibited by Y9A2 and VLO5 (Figure 7 ). On the other hand, the effect of Y9A2 and VLO5 on endogenouslyinduced embryonic vascularization level was not observed (supplemental Figure IIIb NoC1 and delNo1 domains showed a significant decrease in angiogenesis as opposed to NoC1 alone. However, this level was still significantly higher than native TSP-1 isolated from blood, suggesting a different conformational organization of recombinant domains and native TSP-1. The presence of ␣9␤1 integrin in quail CAM vasculature was confirmed by a Western blot of CAM lysate (supplemental Figure IVA) and fluoro-immunostaing (supplemental Figure IVB) . This integrin was also detected in CAM lysate by immunoprecipitation using Y9A2 as a primary antibody (supplemental Figure IVC) . NoC1 also potently induced the vascularization level in Matrigel plugs implanted into mice (Figure 8 ). The number of vessels significantly increased following injection of Matrigel in the presence of NoC1 compare to the control. However, this effect was abolished in the presence of disintegrin VLO5, which blocks ␣9␤1 integrin. Using immunohistochemistry, expression of this integrin was detected on endothelial cells that formed the vasculature in Matrigel ( Figure 8A ).
Discussion
In the presented study we found that ␣9␤1 integrin is a receptor for TSP-1 and the binding site is localized within the NoC1 domain of this extracellular matrix protein. TSP-1 has been characterized as a ligand for many cell surface receptors including integrins, whereas ␣9␤1 integrin is a multifunctional receptor interacting with several ligands including ECM proteins, VCAM-1, and ADAMs family members. However, there are no reports showing an interaction of TSP-1 with this integrin, and our work is the first to characterize the biological consequence of this interaction. Reactivity of TSP-1 with ␣9␤1 integrin was confirmed in cell adhesion assays using cell lines expressing this integrin and in an ELISA with purified receptor. TSP-1 or the NoC1 domain bound very efficiently to recombinant ␣9␤1 integrin expressed on the SW480 cell line in an adhesion assay, and this binding was inhibited by specific inhibitors of this integrin such as Y9A2 and VLO5.
The binding of TSP-1 and NoC1 to ␣9SW480 cells and to ␣9␤1 integrin purified from these cells does not require any integrin activators including activating monoclonal antibodies (TS2/16) or PMA. The same ␣9␤1 integrin-dependent adhesive ability of TSP-1 and NoC1 to cells naturally expressing this integrin such as dHMVEC was also observed in the absence of integrin activators. These data suggest that under physiological conditions, interaction of ␣9␤1 integrin with TSP-1 does not require activation of the integrin. This finding may increase the physiological significance of the ␣9␤1/TSP-1 interaction, especially in light of other integrins such as ␣4␤1 and ␣6␤1 that have also been identified as TSP-1 receptors. 16, 24 However, these integrins required activation to bind efficiently to TSP-1. Alternatively, we used K562 cells transfected with ␣9 integrin subunits, and confirmed that ␣9␤1 integrin is a receptor for TSP-1. However, these cells showed no reactivity with TSP-1 or NoC1 under physiological concentrations of calcium and magnesium. Adhesion of ␣9K562 cells to these ligands was only observed in the presence of Mn 2ϩ cations. Many investigators consider Mn 2ϩ as a cell activating compound or "cross-linker" enhancer of ligands to certain integrins. 25, 26 However, in our case the lack of binding in the absence of Mn 2ϩ is probably because of improper conformation of ␣9␤1 integrin after recombinant expression of ␣9 subunit on the K562 cell surface. Any other activatory compounds such as TS2/16 or PMA have no effect on increasing the binding of TSP-1 to ␣9K562 cells (data not shown). Moreover, the integrin purified from these cells on a VLO5-affinity column also required the presence of Mn 2ϩ to bind to TSP-1 or NoC1 in ELISA assay. These cations can probably convert the conformation of ␣9␤1 integrin's binding pocket making it accessible to a large molecule such as TSP-1 in a manner independent of any activation "out-in-out" pathways of cell signaling. Other ligands for ␣9␤1 integrin such as VCAM-1 also required Mn 2ϩ for binding to ␣9K562 cells. 27 Interestingly, VLO5 interacts with ␣9K562 cells in the absence of Mn 2ϩ (data not shown), probably because of the high binding affinity and low size of the molecule that may enter the integrin's binding pocket without any conformational preferences. Based on the high homology between ␣4 and ␣9 subunits of integrins, we anticipated that ␣4␤1 and ␣9␤1 integrins may have the same binding sites on TSP-1 within the NoC1 domain. However, our experiments did not clearly confirm this hypothesis. The previously identified region of binding of ␣4␤1 integrin that contains the AELDVP sequence showed D162 as the most sensitive amino acid for the ligand/receptor interaction. 28 We performed series of experiments with mutated D162A NoC1 domain and synthetic peptides AELDVP or AELAVP in adhesion and ELISA assays (data not shown). However, our results were not conclusive and could not confirm that this region of TSP-1 is a binding site for ␣9␤1 integrin. It is common that despite having high homology and sharing some common ligands like VCAM-1, these 2 integrins also have separate binding activities to specific ligands such as tenascin-C for ␣9␤1 29 and CS-1 fibronectin fragment for ␣4␤1. 30 Further studies are required to identify this binding site.
The interaction of ␣9SW480 cells with the ligands for ␣9␤1 without any activator of integrins suggested that this transfected cell line contains integrins in the physiologically functional stage. Indeed, the previously performed studies showed that ␣9␤1 integrin ligands such as VCAM-1 or tenascin-C, following binding to these cells, activated signaling molecules important for cell physiology. 5, 23 Our results show that interaction of the NoC1 domain with these cells led to phosphorylation of Erk1/2 and paxillin, indicating that TSP-1 is a ligand for ␣9␤1 integrin and may modulate cell proliferation and motility. These 2 activities are characteristic for endothelial cells during angiogenesis and ␣9␤1 may be considered as another integrin that plays a role in this neovascularization process. To evaluate the potential involvement of this integrin in angiogenesis, we performed a systematic characterization of the integrin content in primary capillary endothelial cells isolated from different organs. We designed an anti-integrin monoclonal antibody adhesion microarray for microvascular endothelial cells isolated from skin, lung, heart and brain, and we found that ␣9␤1 integrin is only expressed on primary dHMVEC. Surprisingly, this integrin was detected on the microvascular endothelial cells in all considered tissues by immunohistochemistry. This discrepancy may be because ␣9␤1 integrin is very sensitively anchored to the surface of endothelial cells, and during an isolation of cells, is degraded. Moreover, further cell culturing and passaging do not recover integrin expression, and pHMVEC, cHMVEC and bHMVEC show its absence on the cell surface. In spite of this, ␣9␤1 integrin is preserved on dHMVEC during isolation and culturing procedures. dHM-VEC are invaluable to investigate interaction of TSP-1 and ␣9␤1 integrin in angiogenesis-related in vitro experiments. Although data received in these in vitro experiments directly characterizes skin angiogenesis, it would be appropriate to correlate them with other organs, because the in vivo presence of this integrin on endothelial cells is common and not related to tissue specificity. The isolated microvascular endothelial cells express a variety of integrins and some of them like ␣v␤3 (vitronectin receptor), or ␣1␤1 and ␣2␤1 (collagen receptors), were well described as regulators of cell proliferation and migration involved in angiogenesis. 31, 32 Interestingly, dHMVEC also contain ␣4␤1 integrin, but in comparison with ␣9␤1, expression of this integrin is very low. Adhesion of these primary endothelial cells to NoC1 was inhibited by Y9A2 and VLO5, whereas blocking monoclonal antibodies against other integrins, or the RGD-disintegrin VLO4 were not effective. These results confirmed previous data showing a lack of participation of ␣4␤1 integrin in adhesion of dHMVEC to NoC1, and this integrin trends to function rather for large vessel endothelial cells, such as human umbilical endothelial cells (HUVEC). 16 TSP-1 has several binding sites for various integrins that may have overlapping functions in the regulation of angiogenesis. Previous reports suggested that ␣3␤1 and ␣4␤1 integrins expressed on endothelial cells are receptors for NoC1 domain that mediate the proangiogenic activity of TSP-1. 15, 16 Our results revealed that ␣9␤1 integrin plays a similar role as a receptor for TSP-1. Experiments performed with cultured primary dHMVEC as well as experiments in vivo indicated participation of ␣9␤1 integrin in NoC1induced angiogenesis. Although proliferation of dHMVEC was not effected by NoC1, this TSP-1 domain was a potent enhancer of cell migration. The motility of endothelial cells was inhibited by specific ␣9␤1 integrin inhibitors. This observation suggests that the proangiogenic activity of NoC1 is related to increasing ability of endothelial cells to migrate in the surrounding matrix rather than to enhance cell proliferation. The participation of ␣9␤1 integrin in promotion of cell migration was observed before, although the mechanism and cell signaling that are involved in this process are still unknown. 23 The inhibitory activity of anti-␣9␤1 integrin compounds in dHMVEC proliferation suggests that antagonizing of this integrin may be important in cell survival/death process. Especially, potent antiproliferative effects of VLO5 in dHMVEC indicate that this disintegrin following binding to ␣9␤1, induces a signaling cascade affecting the cell cycle. Consistent with this idea is induction of apoptosis by VLO5 following binding to integrins. The involvement of ␣v␤3 integrin in triggering pro-apoptotic signal through activation of caspase 8 pathway has been reported. 33 Moreover, RGDcontaining snake venom disintegrins were also reported as apoptosis inducers in endothelial cells. 34 Although a very potent, anti-proliferative effect of VLO5 was observed for dHMVEC that express ␣9␤1 integrin, the much lower but still significant effect of this disintegrin is present for bHM-VEC that do not express this integrin ( Figure 6 ). This phenomenon may be explained by interaction of VLO5 with ␣4␤1 integrin, 9 which is present on all endothelial cells. However, expression of ␣4␤1 is very low ( Figure 4A ) and in the absence of ␣9␤1 integrin the effect of VLO5 is less significant. In conclusion, the ability of VLO5 to block endothelial cell proliferation and in the consequence angiogenesis, appears to be highly dependent to its interaction with ␣9␤1 integrin. This conclusion is supported by our immunohistochemistry data that showed high expression of this integrin on endothelial cells from several organs.
The quail CAM and mouse Matrigel plug assays appear to be appropriate for investigation of involvement of ␣9␤1 integrin in angiogenesis in vivo because endothelial cells of both species highly express this integrin. NoC1 induced angiogenesis in these systems to a level comparable with growth factors such as VEGF and FGF. Simultaneous treatment of CAM embryos with NoC1 and these growth factors, showed no differences in the vascularization ratio ( Figure 7 ). This finding differs from experiments performed in other avian CAM assay such as chicken, 16 where NoC1 significantly increased the angiogenic response either alone or in the presence of growth factors and was inhibited by ␣4␤1 integrin antagonists. These discrepancies may be explained by differences in the avian species (quail versus chicken) used in experiments, as well as concentrations of compounds used for angiogenesis induction.
The blocking effect of ␣9␤1 integrin inhibitors on angiogenesis induced by NoC1 clearly indicates that this integrin present on blood capillaries significantly participates in the neovascularization process. In this respect, proangiogenic effects of TSP-1 appear to be directly correlated with activation of endothelial cells by interaction with cell membrane receptors such as ␣9␤1 integrin. The dual activity of TSP-1 in modulating angiogenesis has been reported in the past. 35 However, angiogenesis induced by the 25 kDa proteolytic fragment of TSP-1 that binds heparin, 36 as well as the entire TSP-1 molecule used in lower concentrations, 37 is mediated by the upregulation of MMPs. We cannot exclude that this kind of indirect proangiogenic effect of NoC1/␣9␤1 interaction may also occur, but the data presented in this article show that the predominant role of these molecules is for a promigratory effect on endothelial cells. Recently, the enzymatic cleavage of the TSP-1 molecule has been observed by ADAMTS1. 38 Two peptides (36 kDa and 110 kDa) were identified as products of this degradation. The fragment with lower molecular weight corresponds to the NoC1 domain that may contribute to upregulation of angiogenesis. On the other hand, the larger fragment may participate in the inhibition of angiogenesis by interaction with ␣v␤3 integrin. It is likely, that the conformation of the nondegraded TSP-1 exposes an active site only for negative regulation of angiogenesis, whereas the N-terminally located proangiogenic integrin binding sites are not accessible for endothelial cell receptors. Enzymatic digestion of this molecule that may occurs under certain pathophysiological conditions releases this N-terminal domain that may start to act as a positive regulator of angiogenesis.
Sources of Funding
This work was supported in part by NIH grants 5R01CA100145 (C.M.), R01CA88931 (G.P.T.), R01HL54462 (D.F.M.) and AHA grant 0230163N (C.M.).
